New classes of drugs are needed to combat hepatitis C virus (HCV), an important worldwide cause of liver disease. We describe an activity of a key domain, an amphipathic helix we termed 4BAH2, within a specific HCV nonstructural protein, NS4B. In addition to its proposed role in viral replication, we validate 4BAH2 as essential for HCV genome replication and identify first-generation small-molecule inhibitors of 4BAH2 that specifically prevent HCV replication within cells. Mechanistic studies reveal that the inhibitors target 4BAH2 function by preventing either 4BAH2 oligomerization or 4BAH2 membrane association. 4BAH2 inhibitors represent an additional class of compounds with potential to effectively treat HCV.
INTRODUCTION
Hepatitis C virus (HCV) is an important cause of worldwide chronic liver disease, infecting more than 150 million people (1) . Current interferon and ribavirin treatment for HCV is quite toxic yet ineffective at curbing disease (2) , highlighting the need for alternative therapies. Understanding of HCV molecular virology has led to the development of nonstructural protein 3 (NS3) protease and NS5B polymerase inhibitors (3) . Although some of these agents have encouraging antiviral activity in vitro and in vivo, resistance to either of these classes of drugs develops rapidly, precluding their use as monotherapies. Hence, the identification of novel classes of drugs targeting multiple and independent virus-specific functions, similar to pharmacological cocktails used for tuberculosis and HIV, is imperative.
The 9.6-kb HCV genome is a positive single-stranded RNA that encodes for a 3010-amino acid protein (4) . The immature protein is processed by cellular and viral proteases into structural components of the mature virus and nonstructural proteins that are involved in virus replication (5) . All positive-strand RNA viruses replicate their genome in intimate association with host intracellular membranes (6) (7) (8) (9) . Some viruses, such as alphaviruses, exploit the surface of preexisting vesicular membranes like endosomes to replicate their genomes (10) . Other viruses, such as HCV, induce the formation of novel membrane structures that facilitate their membrane-associated RNA replication (11) . These membrane structures, termed the membranous web because of their appearance by electron microscopy, consist of aggregates of membrane vesicles and are believed to be derived in part from the endoplasmic reticulum (ER) (12, 13) . One protein, NS4B, has been reported to be sufficient for creation of the membranous web (12, 13) , although the molecular mechanism(s) whereby NS4B might promote membrane rearrangements or vesicle aggregations is largely unknown. NS4B has at least four predicted transmembrane domains (14) (15) (16) (17) . An N-terminal amphipathic helix within NS4B mediates the targeting of the HCV replicase complex components to the apparent sites of replication (14) , and an arginine-rich-like motif within NS4B binds the 3′-terminus region of the virus negative-strand RNA, the presumed template for the initiation of progeny plus-strand RNA genomes (18) . Recently, we demonstrated that pharmacologic inhibitors of the NS4B RNA binding activity can be effective at inhibiting genome replication (18) , but to date, no small molecules capable of inhibiting HCV amphipathic helix function within NS4B or other viral proteins have been identified.
Here, we validated an uncharacterized domain within NS4B that is essential for enabling genome replication. This target consists of a second amphipathic helix, termed 4BAH2, and was found to mediate NS4B oligomerization and lipid vesicle aggregation. The ability to induce vesicle aggregation also suggested a potential phenotypic readout for a high-throughput screen (HTS) to identify pharmacologic inhibitors of 4BAH2 function. We performed such a HTS and identified a variety of small molecules capable of inhibiting 4BAH2-mediated lipid vesicle aggregation and HCV RNA replication. Quartz crystal microbalance with dissipation (QCM-D) and atomic force microscopy (AFM) analyses of two of the compounds found to most potently inhibit vesicle aggregation revealed their mechanism of action on 4BAH2 function. These results highlight 4BAH2 as a critical modulator of NS4B function, provide new insight into the molecular mechanism of HCV replication platform assembly, and demonstrate the utility of a novel small-molecule anti-HCV strategy. pilot studies of the interaction of 4BAH2 with membrane constituents, we hypothesized that 4BAH2 might play a role in membranous web formation. To test this hypothesis, we studied the interaction of 4BAH2 with lipid vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC). The POPC lipid was selected because phosphatidylcholine is the most abundant class of phospholipid in the ER. Dynamic light scattering (DLS) indicated that the extruded POPC vesicles had a relatively uniform size distribution (Fig. 1B) . The average POPC vesicle diameter was 49.5 ± 1.4 nm and the relative variance (polydispersity) of the vesicles was 0.118 ± 0.02 nm. The 4BAH2 peptide was then added to the lipid vesicles, and the reaction was monitored by DLS. A large increase in the average size of the vesicle population was observed, whereas no such activity was observed with a control amphipathic helical peptide (4BAH1), highlighting the unique, specific, and striking biochemical activity associated with 4BAH2 ( Fig. 1 , C and D).
To determine whether the marked increase in size detected by DLS was due to vesicle fusion or vesicle aggregation, we performed transmission electron microscopy (TEM) on the vesicles before and after addition of 4BAH2 ( Fig. 1 , E and F). Most vesicles appeared to retain their initial size, indicating that they are predominantly organized into large aggregates upon addition of 4BAH2 ( Fig. 1F ). To further confirm this apparent 4BAH2-induced aggregation of lipid vesicles, we also used AFM to follow the morphological changes associated with the addition of 4BAH2 to lipid vesicles upon interaction with a solid support. We used the hydrophilic SiO 2 substrate ( fig. S3A ) because it is atomically flat and it is well known that vesicles typically fuse upon interaction with such hydrophilic substrates to make a bilayer~5 nm thick (20) . Upon addition of vesicles alone, the flat-appearing, uniform thickness of a~4.5-nm bilayer was observed ( fig. S3B ). As expected, upon deposition of vesicles in the presence of 4BAH2, we detected massive 4BAH2induced vesicle aggregates ( fig. S3C ).
Disruption of 4BAH2's amphipathicity abrogates vesicle aggregation
To determine whether the amphipathic nature of 4BAH2 is necessary for its vesicle-aggregating activity, we generated 4BAH2 peptides (M2, M3, and M4) harboring two to four point mutations that introduced charged amino acids into the hydrophobic face of the 4BAH2 amphipathic helix (M2: A51E and W55D; M3: A51E, W55D, and I61D; M4: F49E, A51E, W55D, and I61D) ( Fig. 2A ) and tested their ability to mediate aggregation. Relative to wild-type 4BAH2 (Fig. 2C ), point mutants M2, M3, and M4 that disrupted the amphipathic nature of 4BAH2 completely abrogated its vesicle-aggregating activity (Fig. 2 , D to F). To confirm that these results were not due to conformational changes, we examined the ability of mutant 4BAH2 peptides to retain helicity and found that the loss of amphipathicity appeared to be a key determinant of the 4BAH2 mutants' inability to promote vesicle aggregation ( Fig. 2G ). Similar results were obtained with AFM ( fig. S4 ). Moreover, the mutations did not appear to alter NS4B stability ( fig. S5 ).
An intact 4BAH2 is required for HCV genome replication
To test the hypothesis that an intact 4BAH2 is essential for viral genome replication, we introduced the smallest number of mutations that were sufficient to abrogate 4BAH2's vesicle-aggregating activity (i.e., M2: A51E and W55D) into a bicistronic high-efficiency HCV replicon (21) modified so that the HCV internal ribosome entry site (IRES) drives the expression of luciferase, and the nonstructural proteins required for replication are expressed from the encephalomyocarditis virus IRES. Transient replication assays were performed on wild-type, mutant, and negative control replicons harboring a lethal mutation of amino acids GDD to GND at codons 317 to 319 of NS5B (22) . Disruption of 4BAH2 abrogated genome replication ( Fig. 3A) . To confirm the dependence of HCV replication on 4BAH2, we assayed analogous replicons, in which the luciferase gene was replaced with the neomycin phosphotransferase gene, in standard colony formation assays ( Fig. 3B ) (23) . Wild-type replicons yielded numerous colonies, whereas no colonies resulted upon electroporation of the 4BAH2 mutant replicons (Fig. 3B ). Together, these results demonstrate that mutations that impair the vesicle-aggregating activity of 4BAH2 abrogate HCV genome replication. Small molecules are identified that inhibit 4BAH2 activity The above results validated the importance of 4BAH2 for HCV genome replication and elucidated a potential approach to identify pharmacologic inhibitors of 4BAH2 function. To do so, we fluorescently labeled POPC vesicles and monitored vesicle aggregation by fluorescence microscopy upon addition of 4BAH2. The assay was adapted to a 384-well format ( fig. S6 ) and performed in the presence of compounds available from a small-molecule library (24) . The presence or absence of aggregates was verified with pattern recognition software in a highthroughput scheme or by visual inspection (Fig.  4, A and B ). Although most compounds had no significant effect on the vesicle-aggregating activity of 4BAH2, several inhibited aggregation formation to background levels observed without addition of 4BAH2. These candidate inhibitors, along with selected compounds that displayed no inhibition of lipid vesicle aggregation (negative controls), were further evaluated in a secondary screen in which DLS assays were performed in the presence of the individual compounds ( Fig.  4C) . Several of the candidate inhibitors were confirmed to be potent inhibitors of 4BAH2 lipid vesicle-aggregating activity, and we hypothesized that a subset of these, particularly C4 and A2, might similarly inhibit HCV genome replication.
Selected candidate inhibitors display genotype-specific effects on HCV replication
The importance of 4BAH2 to the HCV life cycle is indicated by several lines of genetic evidence. First, 4BAH2 is conserved across all HCV genotypes and isolates whose sequences are publicly available ( fig. S7 ). Moreover, an HCV replicon harboring mutant 4BAH2 could not initiate genome replication (Fig. 3A) or sustain genome replication during colony formation ( Fig. 3B ). Thus, pharmacologic inhibition of 4BAH2 might be expected to inhibit HCV genome replication.
Transient replication assays using C4 and A2 ( fig. S8 ) at low to submicromolar concentrations inhibited HCV replication in a dose-dependent manner (Fig. 5A ). No significant cellular toxicity was observed under any of these conditions (Fig.  5B ), highlighting the specificity of inhibition of HCV replication. The efficacy of C4 and A2 could be assessed on HCV clonal variants (genotypes 1b and 2a). We found that both compounds could inhibit genotype 1b ( Fig. 5A ), but only C4 inhibited genotype 2a replication (Fig. 5A ). This suggests a difference in the specificity of the compounds for 4BAH2 on HCV clonal variants.
HCV variants did not impair the ability of 4BAH2 to induce vesicle aggregation ( Fig. 5 , C and D). Addition of either C4 or A2 inhibited vesicle aggregation induced by 4BAH2 of geno-type 1b (Fig. 5C ). However, only addition of C4, but not A2, abrogated the ability of 4BAH2 of genotype 2a to induce vesicle aggregation ( Fig.  5D ). These results parallel the inhibitory effects of the compounds on replication of the respective genotypes ( Fig. 5A ) and highlight the specificity of the two compounds for 4BAH2. A variety of mutations have been identified that confer phenotypic resistance to pharmacologic inhibition of 4BAH2. As expected, these mutations map to NS4B. Of note, A48Q, which is a single amino acid change within 4BAH2, increases the EC 50 (median effective concentration) for A2 by factors of 3 to 4 ( fig. S9 ).
We envisage at least two possible mechanisms whereby 4BAH2induced lipid vesicle aggregation can be inhibited: (i) preventing oligomerization of 4BAH2 peptides and/or (ii) disrupting the ability of 4BAH2 to interact with lipid vesicles (Fig. 6 ). To tease apart the mechanisms by which C4 and A2 compounds inhibited aggregation, we performed AFM to quantitatively determine surface topology and particle sizes of 4BAH2 oligomers (Fig. 7, A to D, and fig. S10 ) and QCM-D to assess membrane association (Fig. 7, E and F) . The combined AFM and QCM-D data suggest that C4 acts primarily via disruption of 4BAH2 oligomerization (Fig. 7C) , whereas the predominant effect of A2 is to prevent interaction of 4BAH2 with membranes ( Fig. 7E) . In particular, there is prominent self-oligomerization of 4BAH2 peptides in the absence of inhibitor (Fig. 7B ), whereas self-oligomerization is dramatically inhibited in the presence of C4 (Fig. 7C ). The extent of inhibition was as great as that achieved by mutations in 4BAH2 that blocked 4BAH2 oligomerization ( fig. S11 ). In contrast, addition of A2 had a minimal effect on the ability of 4BAH2 to oligomerize ( Fig. 7D ) but completely prevented genotype 1b 4BAH2 membrane association ( Fig. 7E and fig. S12 ). Again, the effect of A2 on 4BAH2 was limited to a genotype 1b target, with no significant inhibition of genotype 2a The presence or absence of aggregates was analyzed in a high-throughput fashion with pattern recognition software based on total granule area of vesicle aggregation induced by 4BAH2. Data are presented as means ± SD (n = 3). (C) DLS assay (left panel) on selected candidate molecules identified to be positive in the HTS assay (and controls). Compounds assayed are shown at the right. Note that the black and red asterisks correspond to POPC lipid vesicles in buffer solution with (red) and without (black) DMSO and both in the absence of a candidate molecule. The green asterisk refers to the positive control of vesicles and 4BAH2 in buffer and DMSO solution in the absence of a candidate molecule. CZ [clemizole (18) ], H8, and H10 were included as negative controls. 4BAH2 membrane association ( Fig. 7F and fig. S12 ). C4 had a minor effect on the membrane association of 4BAH2 of either genotype (Fig.  7, E and F) . The net effect of either C4 or A2, however, is to abrogate 4BAH2-mediated vesicle aggregation, a function that appears to be critical for the formation of the membranous web replication platform ( fig. S13 ) and membrane-associated HCV RNA genome replication.
DISCUSSION
The limitations of current therapies for hepatitis C and the requirement for treatment cocktails to thwart the rapid development of multidrug resistance highlight the need for new classes of HCV drugs. Here, we tested a new target within the HCV NS4B protein, a conserved amphipathic helix essential for viral genome replication. This amphipathic helix, termed 4BAH2, displays a potential for self-oligomerization as well as the ability to promote the aggregation of lipid vesicles into macromolecular assemblies resembling key features of membranous webs-the HCV intracellular replication platform (12, 13) . Furthermore, we used 4BAH2 vesicle aggregation-promoting activity to screen for candidate pharmacologic inhibitors. We showed that several such inhibitors could also alter HCV genome replication in a dose-dependent fashion. Moreover, the specificity of compounds for a particular HCV genotype could be predicted by their ability to inhibit 4BAH2 function based on AFM, QCM-D, and DLS assays. Detailed analysis of two compounds revealed that 4BAH2 function can be disrupted by either of two mechanisms: inhibition of 4BAH2 oligomerization or inhibi-tion of the ability of 4BAH2 to associate with membranes. These results reveal a biochemical activity that may constitute a critical component of the mechanism of HCV's replication platform assembly and identify an anti-HCV strategy distinct from, and complementary to, other classes of drugs in development for hepatitis C.
Oligomerization of NS4B has been reported by others (25), but we found that specific point mutations within 4BAH2 that disrupted its amphipathic ( Fig. 2A) , but not helical (Fig. 2G) , nature impaired the ability to oligomerize (fig. S14 ). Further, as shown in Figs. 1 and 2 , 4BAH2 induces the aggregation of lipid vesicles and defines a heretofore unreported function within NS4B.
Our data suggest that 4BAH2-induced vesicle aggregation is also important for NS4B's role in the HCV life cycle. HCV replication is believed to occur in association with the membranous web (12, 13) . Ectopic expression of NS4B alone has been reported to be sufficient for inducing membranous web formation (12) . The relevant mechanism(s) whereby NS4B induces membranous webs is poorly understood. Although likely to involve multiple factors including ones supplied by the host cell, the 4BAH2 vesicle-aggregating activity reported here provides an attractive mechanism to account for some of the key elements of the previously described membranous web.
The mutation analysis of Fig. 3 represents a critical first step in the targeted development of new potential HCV therapeutics. However, target-specific assays must be developed, and understanding the mechanism of action of candidate inhibitors is needed, to efficiently translate such knowledge into new classes of HCV drugs.
One class of drugs now in advanced clinical development for hepatitis C is the NS5B polymerase inhibitors, where inhibition of NS5B function can be achieved by targeting NS5B both at the active site and at several epitopes distinct from the active site (26) . Similarly, our study of how C4 and A2 inhibit 4BAH2 function suggests that the 4BAH2 class of inhibitors can inhibit HCV RNA genome replication, as well as a common target by an alternative mechanism, namely, by disrupting oligomerization or membrane association (see Fig. 6 ). Moreover, the above oligomeric model of 4BAH2 suggests the potential for transdominant inhibition of 4BAH2 function.
MATERIALS AND METHODS

Peptides
Peptides corresponding to the wild-type sequence of 4BAH2, as found in genotypes 1b (WRTLEAFWAKHMWNFISGIQYLA) and 2a (WPKVEQFWARHMWNFISGIQYLA), were commercially synthesized (Anaspec). For negative controls, three peptides harboring mutations in 4BAH2 (genotype 1b) were also synthesized. The sequences of the three different mutant peptides can be found in the Supplementary Material.
Small unilamellar vesicle preparation
Detailed methods are included in the Supplementary Material.
Plasmids
Circular dichroism
Detailed methods are included in the Supplementary Material. Quartz crystal microbalance with dissipation Detailed methods are included in the Supplementary Material.
Dynamic light scattering
Western blot analysis
Production of the NS4B lentivirus and virus titer
Atomic force microscopy
High-throughput screen
To screen for compounds that inhibit 4BAH2-mediated aggregation of nanosized vesicles, we performed a high-content imaging HTS (see fig. S6 for schematic). The assay was based on the ability of the 4BAH2 peptide to induce large-scale aggregation of fluorescently labeled vesicles that are readily detected by fluorescent microscopy. The fluorescent lipid vesicles were prepared as described above for small unilamellar vesicles, except for the addition of 0.05% Texas Red DHPE (molar ratio with POPC) during preparation of the lipid films.
A Caliper Life Sciences Sciclone ALH3000 liquid handler integrated system (Stanford University High-Throughput Bioscience Center) was used to accommodate 384-tip manifolds, enabling it to rapidly pipette volumes into 384-well microplates. The Z8 module that contains eight independent syringe-based pipettes, allowing liquid transfers with integrating a V&P Scientific 384 Pin Tool that is capable of 100-nl range transfers, was used (see the Supplementary Material for sequence details).
Transmission electron microscopy
Samples were fixed in 4% glutaraldehyde (Electron Microscopy Sciences) and 2% OsO 4 , dehydrated in a series of ethanol washes, and infiltrated with EMbed 812 resin (Electron Microscopy Sciences) essentially as previously described (27) . Center sections were stained in saturated uracetate and 0.2% lead citrate. Samples were ob-served in a JEOL 1230 TEM at 80 kV, and images were taken with a Gatan MultiScan 791 digital camera (see the Supplementary Material for additional details). In the case of hydrophilic dissociation, the candidate drug (green and yellow molecules) interacts with the hydrophilic portion of 4BAH2 so that it inhibits 4BAH2 association with charged lipid head groups. For hydrophobic dissociation, different classes of drugs (schematized in yellow) interact with the hydrophobic portion of 4BAH2 to prevent peptide oligomerization, leading to abrogation of vesicle aggregation but not vesicle association of 4BAH2.
Colony formation assays
In vitro transcribed wild-type and mutant Bart79I RNAs (5 mg) were mixed with 6 × 10 6 Huh7 cells in RNase-free phosphate-buffered saline (PBS) (BioWhittaker) and transferred into a 2-mm-diameter gap cuvette (BTX). Electroporation was performed with a BTX model 830 electroporator, essentially as previously described (23) . The electroporation condition was as follows: 680 V and five periods of 99 ms at 500-ms intervals. The electroporated cells were diluted in 30 ml of cell culture medium. Cells (300 ml) were transferred to 10-cm tissue culture dishes. At 24 hours after electroporation, cells were supplemented with untransfected feeder Huh7 cells to a final density of 10 6 per plate. After an additional 24 hours, the medium was supplemented with G418 to a final concentration of 750 mg/ml. This selection medium was replaced once every 3 days for 3 weeks. After selection, the plates were washed with PBS, incubated in 1% crystal violet in 20% ethanol for 5 min, and washed five times with water. Colonies on triplicate plates were counted and expressed as colonies per microgram electroporated RNA.
Transient replication assays
In vitro transcribed wild-type or mutant Bart79I-luc RNAs (10 mg) were electroporated into Huh7 cells (23) as described above. The electroporated cells were diluted in 40 ml of cell culture medium. Cells (2 ml) were aliquoted in six-well tissue culture plates. Firefly luciferase activities were measured at 8, 48, 96, and 144 hours after electroporation with a firefly luciferase kit from Promega.
Antiviral assays of compounds
In vitro transcribed wild-type FL-J6/JFH-5′C19Rluc2AUbi and Bart79Iluc RNAs were electroporated into Huh7.5 cells, essentially as previously described (23) . Cells were seeded in 96-well plates. After 24 hours, individual test compounds (for example, C4 and A2) were added to the cells and media changes were performed daily with fresh aliquots of the same compounds. After 72 (for genotype 2a) or 110 (for genotype 1b) hours of treatment, cells were incubated for 2 hours at 37°C in the presence of 10% Alamar Blue reagent (TREK Diagnostic Systems) to assess cytotoxicity, followed by lysis and luciferase assays to assess for viral genome replication. Signal was normalized relative to untreated samples or samples grown in the presence of the corresponding concentration of dimethyl sulfoxide (DMSO). Experiments were repeated three times, each time with four replicates (see the Supplementary Material for additional details).
Infection and transfection expression
Infection and transfection were performed essentially as previously described (23) . Briefly, a vaccinia virus that expresses the T7 RNA polymerase was used to infect Huh7 cells at a multiplicity of infection (MOI) of 10. After 45 min of incubation at 37°C, the cells were washed twice with Opti-MEM (Invitrogen) and subjected to transfection with pcDNA3.1-NS4B wild type or pcDNA3.1-NS4B-AH2 (M2) mutant. The cells were supplemented with growth media and incubated for 6 hours at 37°C, with about 80 to 90% of cells expressing the desired proteins confirmed by immunofluorescence analysis with a rabbit polyclonal antibody against NS4B. Isolation of stable NS4B-expressing clone Huh7.5 cells were infected with the concentrated NS4B lentiviruses at a MOI of 5 in the presence of polybrene (8 mg/ml, Sigma) and incubated at 37°C overnight. The following day, the infected cells were supplemented with growth media and incubated at 37°C for 4 days. On day 5 after infection, immunofluorescence analysis using a rabbit polyclonal antibody against NS4B was performed to confirm >98% of cells expressing the NS4B protein.
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